I was declassified, I was working for the Research and Development Laboratory of the Mobil Oil Company. At that time Mobil considered itself an Energy Company not just an Oil Company. They asked me to look into this potentially new energy source, so I made a visit to the major labs (Princeton, Oak Ridge, Los Alamos, and Livermore), came back and submitted a report. The report described the various experiments that were going on and concluded that if Mobil really wanted to keep abreast of what was going on in this field that it couldn't just sit by and read reports but that it would have to actively participate in the research. The response from Mobil management at that time was that they were willing to support a modest research program that would allow us to interact with the major national research labs and they asked me to propose an appropriate program.
One of the conclusions that I had come to after visiting the major labs was that there was a need for new diagnostic techniques for studying high temperature plasmas. My background was in classical and low energy nuclear physics and we also had available at Mobil a 2 MeV accelerator. Consequently I proposed that we develop a diagnostic for measuring plasma density by probing a deuterium plasma with a deuterium beam and measuring the proton production from the D-D nuclear reaction. Fortunately I was lucky enough to point out that this would be a rather slow measurement due to the small cross section of the D-D reaction and that eventually we should go to an atomic reaction rather than a nuclear reaction in order to make use of the larger cross section to speed up the measurements. Unfortunately, I wasn't smart enough to propose going directly to an atomic reaction.
Mobil responded by saying "go ahead" and agreed to put up $100 K to establish a plasma laboratory ($100 K was alot of money in the late 1950s). I again visited the various national labs and discussed the proposed research program. I remember in particular the response from P. R. Bell who was at Oak Ridge at that time. I don't remember his exact words but it was something like, "I don't know if what you propose is any damn good, but I support your effort because we need more bright young men in this field" (I was fairly young at the time). As a result of the visits to the national labs, we decided to build a clone of the hollow cathode arc being developed at Oak Ridge for the DCX experiment and to probe it with a deuterium beam.
Two things happened about this time, we hired F. C. (Buzz) Jobes and Mobil suggested that we should try to obtain partial government support for the program. It wasn't a question of money (at that time Mobil had more money than they knew what to do with) but the thought was that we would have closer ties with the national labs, if we had government support. The AEC was the Government Agency that was supporting most of the fusion research at that time. When we applied to the AEC we were told that they didn't think the idea was any good and, if it was, they could develop it better in their own laboratories. We finally obtained 50% support from AFOSR. At this point (early 1960s) there was myself, Buzz Jobes, Jack Marshall working half time and two technicians working on the project. Me1 Gottlieb was a consultant and a very valuable contributor to the project.
By the mid 1960s, Mobil's plasma was operational and we demonstrated that it was possible to measure the density by probing a deuterium plasma with a deuterium beam and measuring the protons from the D-D reaction. As predicted this was a very slow measurement. One day after we had been carrying out a D-D measurement, I suggested that we switch over to an HZ beam and look for an H+ signal. The H+ was loud and clear and that was the last of the nuclear measurements [I] . One of the first things we did using the molecular breakup of the H: to measure the density of the hallow cathode arc plasma was to study a coherent instability. Our frequency response wasn't sufficient to directly measure the instability so we used a trick. A Langmuir probe was used to detect the instability and we locked in on the Langmuir probe signal. The Langmuir probe gave a signal from a fixed spatial location but the beam probe signal was swept across the plasma giving us 2D spatial resolution. In essence, we made a stroboscopic map of the plasma cross-section. This was the first detailed mapping of a plasma instability.
It was published in Phys. Rev. Lett. in 1969 [2] and this had some rather amusing results. The article was selected by APS for inclusion in their year end summary of outstanding achievements in physics and was subsequently selected for distribution by the United States Information Agency. This resulted in it being distributed to a large number of semitechnical trade magazines who then printed articles on their interpretation of what we had done. One or two of them provided a reasonably accurate description of our work but most of the ones we saw were completely wrong and didn't have any idea of what we were doing. Since we probably saw only a small fraction of the stories that were circulated, we suspect that the vast majority were equally confusing.
It was pretty obvious that we didn't need a 2 MeV H2f beam to carry out these measurements, the same results could be obtained with a low energy heavy ion beam. Buzz Jobes however, pointed out something that wasn't quite so obvious:
093-38 13/94$04.00 0 1994 IEEE if we used a low energy heavy ion beam, then we might be able to directly measure the plasma space potential simultaneously with the plasma density. To demonstrate this, we grounded the hollow cathode arc plasma through the secondary windings of a transformer and drove the primary with a 60 cycle signal. This worked but we suspected that everybody would think that what we were looking at was 60 cycle pickup. So we went out and bought an expensive high fidelity audio amplifier and replaced the 60 cycle transformer with an audio transformer. Now we were able to drive the space potential at audio frequencies and clearly showed that the effective space potential followed the drive signal while the density remained constant.
[3] The high fidelity audio amplifier didn't particularly like this arrangement since the plates of the output tubes glowed red hot.
Some time in the late 1960s (I think it was in 1968) PPPL was converting the Model C Stellarator to the ST Tokamak. Harold Furth called me and wanted to know if we could measure the plasma current density with the crazy ion beam probe we were playing around with. I told him we hadn't thought about it, but maybe we could. He suggested that we get together and talk about it. We did some simple evaluations that suggested that the displacement of the beam out of the plane of injection should provide some information about the tokamak's poloidal field. We reached an agreement with PPPL to design and install a heavy ion beam probe on ST. Our time was being paid for by Mobil and AFOSR and all of the equipment was supplied by PPPL.
The primary purpose was to try and measure the plasma current density distribution. We were able to show that if 4 was an ignorable coordinate, then the 4 velocity at that detector was directly proportional to the poloidal field B, at the point where the secondary ion was created and that the 4 position at the detector would provide an accurate approximation to
Bp[4].
We did observe toroidal displacement of the beam as it was swept across the plasma, but we were not able to interpret the experimental results as a measure of the current density distribution. The initial results were very tempting. If we ignored the toroidal variation of the vacuum field then the toroidal displacement of the-secondary ion beam provided a very reasonable description of the plasma current density distribution. More detailed analysis showed that the fringe field on ST was responsible for most of the displacement. Thankfully, Buzz and I did a very hard analysis of the data and decided that we didn't have a measurement of the current density distribution. In this sense the first HIBP measurement on a confinement experiment was a failure since its main objective was to measure the current density distribution. On the other hand, it was a success in that in provided the first information on the radial potential distribution and the first spatially resolved measurements of Mirnov oscillations. In collaboration with J. Hosea and A. Dellis we were also able to show that the Mirnov oscillations propagated at the electron diamagnetic velocity when corrected for the E x B drift [SI.
Two things happened in late 1970 and early 1971. The first was that the AEC fusion program informed me that they wanted to see this research program continue and if we did not obtain sufficient funding from AFOSR that we should apply to the AEC (this was very gratifying since we were originally turned down by the AEC); the second was that Mobil decided that they were an oil company and not an energy company. As a consequence, they cancelled the fusion research program and Buzz and I were fired (in Mobil's terminology our jobs were eliminated). Buzz joined the staff at PPPL and I took a faculty position at RPI. Buzz and Joel Hosea continued operating the HIBP on ST and carried out some very interesting measurements on the time evolution of the plasma space potential.
There was an existing plasma laboratory at RPI, but it was primarily concerned with space plasmas (not plasma space potentials). With the help of Bill Jennings, I re-oriented the RPI plasma lab towards fusion plasmas. At first we concentrated on the further development of HIBP measurements using hollow cathode arcs as target plasmas. We were able to show that it was possible to measure T,. at low temperatures by using two different probing ions [6] . The first measurements of plasma space potential fluctuations were obtained and identified as a Kelvin-Helmholtz instability driven by a reversal in the radial electric field [7] . During this period we also obtained support from the fusion program in AEC.
In the early 1970s we also undertook the task of installing a beam probe on the LITE (Laser Initiated Target Experiment) experiment at United Aircraft in Hartford, CT. The LITE experiment consisted of suspending a LID particle in a baseball magnetic field and then blasting it with a laser to form a . plasma. This plasma was then to serve as a target plasma for neutral beam injection, but at this time there was only the target plasma. This research was supported by the fusion program. As it turned out this was our first and only failure of HIBP. There were two reasons for this. First, we did not recognize that the strong gradients in the relatively small baseball magnet would cause strong defocussing of the ion beam. Once this was realized a linear field electrostatic lens was installed in the beam line to refocus the beam in the plasma [8] . The second problem was that the plasma temperature was much lower than predicted. Our design was based on a predicted T, of 100 eV and that a minimum T, of 25 eV was required for any meaningful HIBP measurement. It was eventually determined by the UT research staff that the electron temperature was less than 10 eV. At this temperature the predicted HIBP signal was well below the noise level. John Stufflebeam was our on-site Research Associate for the LITE collaboration.
In the mid 1970s Ken Connor joined the faculty at RPI. About the same time I received a request from Ray Dandl to design an HIBP for the ELMO Bumpy Torus at ORNL. Ken took the lead in carrying out this program. This was the start of a long, successful (our evaluation) and very congenial collaboration with Oak Ridge. We were an intimate participant in the experiment and Ray Dandl was an enthusiastic supporter and collaborated in our efforts (Ray designed and built the lock-in amplifiers that were used as our front end detectors). This experiment worked very well. Early Langmuir probe measurements had shown that the space potential became more positive as you moved in from the edge towards the high temperature electron rings. We confirmed this, showing that there was a positive potential peak at the electron rings but that there was a negative potential well in the center [9]. This caused a complete revision of the theoretical explanation of the operation of EBT. Pat Colestock and later Spencer Kuo were our on-site Research Associates on the EBT experiment. (Personal note-EBT was a very interesting plasma experiment and I believe that the scientific community could have learned a substantial amount of plasma physics from this device and that it was a shame that it was shut down).
Also in the mid 1970s we started to look for a better target plasma than the hollow cathode arc for the advanced development of HIBP. DOE suggested (I think it was ERDA at the time) that we look at the VERSATOR Tokamak that Bob Taylor developed at MIT. With Bob's help we built a similar device at RPI known as RENTOR. Since we were supported by the diagnostic group within DOE we were told that RENTOR was simply a target plasma and we should not try to cany out any tokamak physics, in fact we were excluded from the "Small Tokamak Users Group". We agreed with this dictum in principle, but in practice we also carried out some interesting physics experiments [lo, 1 I ] (we had to since, we were training graduate students). RENTOR was shut down in the mid 1980s.
In the mid to late 1970s we were also asked to design a beam probe for the center cell of TMX. As part of the request, Fred Coensgen said he wanted to be able to point his finger at somebody in case it didn't work and I said fine, just give us the credit when it does work. It worked. We measured the density and space potential radial profiles under a variety of operating conditions and detected some low frequency oscillations at the edge of the plasma that propagated at the E x B drift frequency. [I21 Near the end of the TMX experiment we operated the energy analyzer in an open circuit mode (all previous HIBP measurements used a slow feedback loop to keep the secondary ion signal centered on the split plate detectors). In the open circuit mode we obtained much higher frequency response and for the first time we were able to look for high frequency, up to 500 kHz fluctuations. All subsequent HIBP operated in the open circuit mode. Gary Hallock, even though he was only a graduate student at the time, was our on-site representative for the TMX collaboration.
Next our group was asked to design beam probes for the TEXT and ISX-B Tokamaks. TEXT required a 500 keV beam and ISX-B a 160 keV beam. Due to serious delays in the delivery of the 500 kev accelerator, the ISX-B system came on-line first. On ISX-B we measured the radial space potential profile under ohmic, neutral beam co-injection, neutral beam counter-injection and balanced neutral beam injection. We were able to show, in collaboration with A. J. Wootton and R.
C. Mer from ORNL, that the MHD ion momentum balance equation was valid [ 131. The first multi-point simultaneous measurements of high frequency fluctuations of $6, and & were obtained on ISX-B and we were able to show that, to within the experimental accuracy, they could account for all of the cross field particle transport [14] . Unfortunately ISX-B was shut down before we had time to exploit the full potential of the HIBP measurements. This work, however, was the start of a long, enjoyable and successful collaboration with A. J. Wootton (I hope Alan agrees) that continued when Alan took over as Director of TEXT and more recently as Head of the Fusion Research Center at UT-Texas. Gary Hallock, now a full fledged Research Associate was our on-site representative for the ISX-B experiments.
TEXT was one of the most satisfying experiments to be associated with. We had the full cooperation of the TEXT staff, first under the direction of Ken Gentle and later under the direction of Alan Wootton. Our first priority was on measuring fluctuations and their relation to fluctuation induced transport. We were able to show that in the edge region (p>O.8) that fluctuation induced transport could account for all of the cross field particle transport but not all of the energy transport [15] . We also showed that the Ergodic Magnetic Limiter (EML) produced a major change in the radial space potential profile and caused a poloidal variation in the amplitude of the density fluctuation [16] . HIBP measurements in the interior of the plasma (< 0.8) indicated that the average wave number k was around 1 cm-l. This was in an apparent disagreement with FIR scattering measurements which indicated a much higher value for k . It was suggested that the low k values indicated by the HIBP measurements were due to errors introduced by finite sample volumes or primary and secondary beam modulation as they were attenuated by the high fluctuation amplitudes in the outer region of the plasma. We have carried out extensive evaluations of both finite sample volume and beam attenuation on the evaluation of the wave vector from HIBP measurements and concluded that both could lead to smaller values of the wave vector, A:, but that they could not account for the observed k measurements. This was confirmed by independent evaluation by Ross and Sloan of the TEXT scientific staff [ 171.
The primary on-site Research Associate for our work on TEXT was Paul Schoch, who is now an Associate Professor at Rensselaer and directs our work on TEXT Upgrade along with another Associate Professor-Tom Crowley . This new system, which has recently become operational, is the largest beam probe built to date and required some extensive development work, particularly for the analyzer. Tom Crowley describes some of the more significant features in his paper in this issue [18] . After our work on EBT and ISX-B came to an end, we were able to continue our fruitful collaboration with Oak Ridge by designing and operating a beam probe on ATF [ 191. The very complex magnetic field structure of this interesting device offered some unique design challenges that were met successfully so that we were able to make both potential profile and fluctuation measurements. Once again, as with EBT, we were able to demonstrate the usefulness of the heavy ion beam probe on a device whose life was cut short by funding problems. Stellarators remain a promising confinement concept that is being pursued at quite different levels in the US, Japan, and Europe. Beam probes are being designed or are planned for some new stellarator devices.
I know that I have not written the complete story of the beam probe and that I have not mentioned the contributions of many people+specially students-who I have had the pleasure to work with over the years. I have tried, primarily, to tell the story of the early years and how we got where we are today, leaving the details of present work to the papers in this issue.
However, it would not be right to end without recognizing the [13] 
